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Abstract
Diboson resonance with mass of 1.8 − 2 TeV is reported successively by CMS and ATLAS
experiments in proton-proton collisions at
√
s = 8 TeV. We investigate the potentiality of Higgs
singlet as the TeV resonance. The challenges of low production cross section and high width for
a fundamental scalar could be got over by three factors: (1) larger Yukawa couplings, (2) larger
number of heavy quarks and (3) smaller mixing angle with standard model Higgs. We find that the
required factors could be realized in the framework of two vector-like triplet quarks (VLTQs) and
the resulting production cross section and decay fraction of heavy Higgs σ(pp → H) × BR(H →
W+W− + ZZ) can be of O(10) fb when masses of new heavy quarks are 1 TeV, the values of
Yukawa couplings are around 3 and the mixing angle is sin θ ∼ 0.11. We also find that the SM
Higgs production and its decay in the process pp→ h→ γγ could be still consistent with current
data when a color-triplet scalar (3, 3)1/3 is considered. Furthermore, we study the product of
VLTQ-pair production cross section and the BRs of VLTQ decays, and find that the cross sections
in the decay channels, such as u4,5 → bW+, d5 → tW− and d4 → bh(Z) could be 7 − 17 fb at 13
TeV LHC.
∗ Email:physchen@mail.ncku.edu.tw
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1
The searches of TeV diboson resonances are performed in proton-proton collisions at
√
s = 8 TeV ATLAS [1] and CMS [2] experiments. Although a moderate diboson excess
at around 1.8 TeV is found by CMS [2] in the semileptonic channels, however, the diboson
excess of (WZ, WW, ZZ) observed by ATLAS in the dijet invariant mass spectrum has the
significance of (3.4, 2.6, 2.9)σ, respectively.
Analyzing the jet substructures and using the tagged jet mass mj determined by |mj −
mV | < 13 GeV, the reconstructed boson from a single jet at ATLAS could be W or Z boson
in the standard model (SM), and the resulting cross sections σ(pp → R)BR(R → V V ′)
are in the region of 16 − 30 fb, where R is the resonance and V (′) is the weak gauge boson
W/Z. In order to interpret the ATLAS excess, the possible candidates are a spin-2 Kaluza-
Klein mode of the bulk Randall-Sundrum graviton [1], composite spin-1 particle [3–8], spin-1
bosons e.g. W ′/Z ′ [9–25], composite spin-0 and/or spin-2 particles [26–28], scalar particles
from extended Higgs sector and supersymmetric models [29–33], and particles with effective
interactions [34–36]. A possible interpretation by triboson mode is also discussed in Ref. [37].
In this work, we propose that the candidate of diboson resonance with mass of around
2 TeV is the SU(2) Higgs singlet (S) which is predominantly produced by gluon-gluon
fusion (ggF) gg → S and decays into W+W−/ZZ via the mixing with SM Higgs (h). The
mechanism is motivated by the following observation. It is known that the observed scalar
of 125 GeV in the SM is through the ggF production channel by top-quark loop effects and
the effective interaction for ggh could be written as [38]
Lggh = αs
12π
yt√
2mt
NFhG
a
µνG
aµν , (1)
where yt is the top-quark Yukawa coupling, the relation with vacuum expectation value
(VEV) of SM Higgs is mt = ytv/
√
2, NF is the number of possible heavy quarks in the loop
and NF = 1 in the SM. By the effective coupling, we see that the h production cross section
by ggF process could be enhanced by the Higgs Yukawa couplings to heavy quarks and by
the number of heavy quarks. For illustration, if we pretend NF = yt = 5, mt = 1 TeV and
mh = 2 TeV, the h production cross section of O(10) fb can be achieved; however, the cross
section for mh = 2 TeV will be O(10−2) fb if other values of parameters are not changed.
In order to establish a model that obeys the SM gauge symmetry, owns a scalar with mass
of around 2 TeV and naturally provides larger NF and Yukawa couplings, we investigate
the issue in the framework of vector-like quark (VLQ) model with a heavy SU(2)L Higgs
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singlet. Basically, there is no limit for the possible representations of VLQs. If we require
the VLQs those which can only mix with the SM up-type or down-type quarks, the possible
representations are singlet, doublet and triplet [39–44]. For avoiding introducing too many
VLQ states, we adopt the vector-like triplet quarks (VLTQs) in which each triplet has three
new quarks. In the base of gauge eigenstates, the introduced Higgs singlet only couples to
VLTQs and SM Higgs. Therefore, if the masses of VLTQs and heavy Higgs are comparable,
the main decay channels of the heavy scalar will be gg, hh andW+W−/ZZ and the resulting
total width could be below O(100) GeV, which can match the condition of narrow resonance
observed at the LHC. Although the new heavy quarks could also enhance the SM Higgs
production, however the enhancement indeed could be smeared when colored scalar particles
are introduced. Below, we discuss the model and its implications at the LHC.
We start to setup the model. In order to possess a heavy boson and several heavy quarks
naturally, we extend the SM by including one real Higgs singlet and two VLTQs, where
the representations of VLTQs in SU(3)c × SU(2)L × U(1)Y gauge symmetry are chosen as
(3, 3)2/3 and (3, 3)−1/3 [40]. For suppressing the new effects on the SM Higgs production
cross section, we also add one color-triplet and SU(2)-triplet scalar (3, 3)1/3 to the model.
In order to discuss the couplings of scalars to fermions, we first analyze the new scalar
potential and write the gauge invariant form to be
V (H,S) = µ21H
†H + λ1(H
†H)2 +m2SS
2 + µ2S
3 + µ3S(H
†H) + λ2S
4 + λ3S
2(H†H)
+m2ΨΨ
†Ψ+ µ4Ψ
†ΨS + λ4(Ψ
†Ψ)2 + λ5Ψ
†ΨH†H + λ6Ψ
†ΨS2 . (2)
The representations of SM Higgs doublet, Higgs singlet and color-triplet are taken by
H =

 G+
1√
2
(v + φ+ iG0)

 , S = 1√
2
(vs + Φ) , Ψα =


Ψ4/3
Ψ1/3
Ψ−2/3


α
, (3)
where G+ and G0 are Goldstone bosons, φ is the SM Higgs field and v(vs) is the VEV of H
(S). In our approach, the singlet S has been a massive particle before electroweak symmetry
breaking; therefore, basically a nonzero VEV of S is not necessary, however Eq. (2) could
still lead to a nonzero vs. By minimal conditions ∂V (v, vs)/∂v = 0 and ∂V (v, vs)/∂vs = 0,
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we get
µ21 + λ1v
2 +
µ3vs√
2
+
λ3v
2
s
2
= 0 ,
m2Svs +
3µ2v
2
s
2
√
2
+
µ3v
2
2
√
2
+ λ2v
3
s +
λ3vsv
2
2
= 0 . (4)
If we adopt m2S ≫ µ2vs, v2s , the leading VEV of S could be simplified by vs ≈
−µ3v2/(2
√
2m2S). Therefore, when mH = 2 TeV, even µ3 ∼ mS, we still have vs ≪ v .
Using the scalar potential of Eq. (2), the mass square matrix of φ and Φ is found by
(
φ, Φ
) m2φ µ3v/√2 + λ3vvs
µ3v/
√
2 + λ3vvs m
2
S + λ3v
2/2



 φ
Φ

 (5)
with mφ =
√
2λ1v. The parameters µ3 and λ3 lead to the mixture of φ and Φ. Since two
scalar bosons are involved in the model, we only need one mixing angle to parametrize the
mixing effect. As usual, we formulate the mass eigenstates to be
 h
H

 =

 cos θ − sin θ
sin θ cos θ



 φ
Φ

 , (6)
where h is the SM-like Higgs boson, H is the new heavy Higgs boson and the candidate of
new resonance, and their masses are obtained as
m2h(H) =
1
2
[(
m2φ +m
′2
S
)∓ ((m′2S −m2φ)2 + 4m4φΦ)1/2] (7)
with m′2S = m
2
S + λ3v
2/2 and m2φΦ = µ3v/
√
2 + λ3vvs. The relationship of m
2
φΦ and mixing
angle can be expressed by sin 2θ = 2m2φΦ/(m
2
H −m2h).
The gauge invariant Yukawa couplings of VLTQs to the SM quarks, to the SM Higgs
doublet and to the new Higgs singlet are written as
−LYVLTQ = Q¯LY1F1RH˜ + Q¯LY2F2RH + y˜1Tr(F¯1LF1R)S + y˜2Tr(F¯2LF2R)S
+ MF1Tr(F¯1LF1R) +MF2Tr(F¯2LF2R) + h.c. , (8)
where QL is the left-handed SM quark doublet and it could be regarded as mass eigenstate
before VLTQs are introduced, all flavor indices are hidden, H˜ = iτ2H
∗, F1(2) is the 2 × 2
VLTQ with hypercharge 2/3(−1/3) and the representations of F1,2 in SU(2)L are expressed
by
F1 =

 U1/√2 X
D1 −U1/
√
2

 , F2 =

 D2/√2 U2
Y −D2/
√
2

 . (9)
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The electric charges of U1,2, D1,2, X and Y are 2/3, −1/3, 5/3 and −4/3, respectively.
Therefore, U1,2(D1,2) could mix with up (down) type SM quarks. MF1(2) is the mass of VLTQ,
and due to the gauge symmetry, the VLTQs in the same multiplet state are degenerate. By
the Yukawa couplings of Eq. (8), the 5× 5 mass matrices for up and down type quarks are
found by
Mu =


(
mdiau
)
3×3 | vY1/2 vY2/
√
2
−−−− | − − −− −−−−
02×3 | (mF )2×2

 , Md =


(
mdiad
)
3×3 | vY1/
√
2 −vY2/2
−−−− | − − −− −−−−
02×3 | (mF )2×2

 ,(10)
where (mdiau )3×3 and (m
dia
d )3×3 denote the diagonal mass matrices of SM quarks and
dia(mF )2×2 = (mF1, mF2). We note that a non-vanished vs could shift the masses of VLTQs.
Since vs ≪ v, hereafter we neglect the small effects. Due to the presence of Y1,2, the SM
quarks, U1,2 and D1,2 are not physical states anymore; thus one has to diagonalize Mu and
Md to get the mass eigenstates. If vY
i
1,2 ≪ mF1,2 , we expect that the off-diagonal elements of
unitary matrices for diagonalizing the mass matrices should be of order of vY i1,2/mF1,2 . By
adjusting Y i1,2, the off-diagonal effects could be enhanced and lead to interesting phenomena
in collider physics.
Besides the flavor conserving couplings, the Yukawa interactions in Eq. (8) also provide
φ- and Φ-mediated flavor changing neutral currents (FCNCs) at the tree level. Hence, the
couplings of φ and Φ to quarks are written as
−Lφ(S)qq = φ
v
[
u¯LM
dia
u uR + d¯LM
dia
d dR
]− φ
v
[
u¯LV
u
LMUV u†R uR + d¯LV dLMDV d†R dR
]
+ Φ
[
u¯LV
u
LYV u†R uR + d¯LV dLYV d†R dR
]
+ h.c. , (11)
where u and d stand for the five up and down type quarks in flavor space and the flavor
indices are not shown explicitly, V qL and V
q
R are the unitary matrices for diagonalizing the
mass matrix defined in Eq. (10), Mdiaq = V
q
LMqV
q†
R , diaMF = diaMU,D = (0, 0, 0, mF1, mF2)
and diaY = (0, 0, 0, y1, y2) with y1,2 = y˜1,2/
√
2. The first brackets in Eq. (11) only give
the flavor conserving couplings while the tree level FCNCs are from the second and third
brackets. The Yukawa couplings of h and H could be easily obtained by using Eq. (6). In
general, although the off-diagonal elements of V qL,R are free parameters, one can use MqM
†
q
and M †qMq to get more useful information, where the former is only associated with V
q
L and
the latter is V qR. Due to the mass structures of Eq. (10), we further find that the off-diagonal
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elements in MqM
†
q are proportional to vYimFi while those elements in M
†
qMq are m
dia
q Yiv.
If we neglect the effects of mqYiv/m
2
Fj
, it will be a good approximation to set V qR ≈ 1. That
is, the tree level FCNCs are predominantly arisen from V qL .
Although the FCNC effects do not affect the production cross section of new resonance,
however, the search of VLQ at colliders depends on the couplings. In order to study the
signals at the LHC, here we discuss the simple scheme for V qL based on the viewpoint
of phenomenological analysis. When the mass matrix Mq is diagonalized, the masses of
light quarks should be maintained. Therefore, we require that VLTQs only couple to third
generation of SM quark, i.e. Y11 = Y12 = Y21 = Y22 = 0. Consequently, the mass matrices
in Eq. (10) can be reduced to 3× 3 matrices and are written as
Mu =


mt vY13/2 vY23/
√
2
0 mF1 0
0 0 mF2

 , Md =


mb vY13/
√
2 −vY23/2
0 mF1 0
0 0 mF2

 . (12)
If ζi = vYi3/mFi ≪ 1 is satisfied and ζ2i is dropped, we find that the associated matrix VqL
for diagonalizing MqM†q can be parametrized by
VuL ≈


1 −ζ1/2 −ζ2/
√
2
ζ1/2 1 0
ζ2/
√
2 0 1

 , VdL ≈


1 −ζ1/
√
2 ζ2/2
ζ1/
√
2 1 0
−ζ2/2 0 1

 . (13)
We note that the unitary matrices in Eq. (13) are constructed to diagonalizeMqM†q. Under
the approximations of ζiζj ≈ 0 and V qR ≈ 1 in which mt,bvYi3/m2Fi are neglected, the same
factors appearing in the off-diagonal elements of Mdiaq = VqLMqVqR ≈ VqLMq should be also
dropped. In order to get the mixing matrix V qL in five flavors, we can set V
q
L11 = V
q
L22 = 1,
V qL1k = V
q
L2m = 0 with k = 2 ∼ 5 and m = 1, 3 ∼ 5 and V qLαβ = VqLij with α = i+2, β = j+2
and i, j = 1 ∼ 3. Using Eqs. (6) and (13), the Higgs-mediated FCNCs associated with t and
b quarks are found as
LhQq =
(
cos θ
MFJJ
v
+ sin θYJ
)[
(V uL )3J t¯LuJR + (V
d
L )3J b¯LdJR
]
h
−
(
cos θYJ − sin θMFJJ
v
)[
(V uL )3J t¯LuJR + (V
d
L )3J b¯LdJR
]
H + h.c. , (14)
where J = 4, 5 stand for the new heavy quarks with electric charge of 2/3 or −1/3.
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Next, we discuss the weak interactions of VLTQs. As usual, we write the covariant
derivative of SU(2)L × U(1)Y as
Dµ = ∂µ + i
g√
2
(
T+W+µ + T
−W−µ
)
+ i
g
cW
(
T3 − s2WQ
)
Zµ + ieQAµ , (15)
where W±µ , Zµ and Aµ stand for the gauge bosons in the SM, g is the gauge coupling of
SU(2)L, sW (cW ) = sin θW (cos θW ), θW is the Weinberg angle, T
± = T1± iT2 and the charge
operator Q = T3 + Y with Y being the hypercharge of particle. The generators of SU(2) in
triplet representation are set to be
T1 =
1√
2


0 1 0
1 0 1
0 1 0

 , T2 = 1√2


0 −i 0
i 0 −i
0 i 0

 , T3 =


1 0 0
0 0 0
0 0 −1

 . (16)
Accordingly, the gauge interactions of new quarks are summarized by
LGFF = −g
[(
X¯γµU1 + U¯1γ
µD1 + D¯2γ
µY + U¯2γ
µD2
)
W+µ + h.c.
]
−
[
g
cW
F¯1
(
T 3 − s2WQ1
)
F1Zµ + eF¯1γ
µQ1F1Aµ + (F1 → F2, Q1 → Q2)
]
, (17)
where the VLTQs should be read by F T1 = (X,U1, D1) and F
T
2 = (U2, D2, Y ) and the
associated charge operators are diaQ1 = (5/3, 2/3,−1/3) and diaQ2 = (2/3,−1/3,−4/3).
As a result, the charged current interactions are written by
LWud = − g√
2
u¯Lγ
µV LCKMdLW
+
µ −
g√
2
u¯Rγ
µV RCKMdRW
+
µ + h.c. , (18)
where u and d are the up and down type quarks in physical states, V
L(R)
CKM is the 5×5 Cabibbo-
Kobayashi-Maskawa (CKM) matrix for left(right)-handed quarks and their expressions are
given by
V LCKM = V
u
L


(VCKM)3×3 | 03×2
−−−− | − − −−
02×3 |
√
212×2

V d†L , V RCKM = V uR


03×3 | 03×2
−−−| − −−
02×3 |
√
212×2

V d†R .(19)
Here (VCKM)3×3 is the SM CKM matrix without VLTQs. Since the weak isospin of triplet
quark differs from doublet quark, the new CKM matrices are not unitary matrices. Taking
the approximation of ζ2i ≈ 0, the couplings of VLTQs to the third generation quarks are
found by
LWQq = − g√
2
[
−3
2
ζ2δJ5t¯Lγ
µdJL +
(
−ζ1
2
δJ4 +
√
2ζ2δJ5
)
u¯JLγ
µbL
]
W+µ + h.c. (20)
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with J = 4, 5.
By algebraic calculations, the weak neutral current interactions could be grouped to be
LZqq = − g
cW
CqLij q¯iLγ
µqjLZµ − g
cW
CqRij q¯iRγ
µqjRZµ (21)
and
CqLij = (I3 − s2WQq)δij +
1
2
(−V qLi4V q∗Lj4 + V qLi5V q∗Lj5) ,
CqRij = −s2WQqδij + ǫq(V qR)iαq(V q∗R )αqj (22)
with I3 = ±1/2 for up(down)-type quark, (ǫu, αu) = (1, 5) and (ǫd, αd) = (−1, 4). The
second terms in CqLij and C
qR
ij cause the tree level Z-mediated FCNCs. Using the results in
Eq. (13), the Z-mediated FCNCs associated with t and b quarks are given by
LZQq = − g
cW
(
cuJ u¯JLγ
µtL + c
d
J d¯JLγ
µbL
)
Zµ + h.c. (23)
with cu4 = ζ1/4, c
u
5 = −ζ2/2
√
2, cd4 = ζ1/2
√
2 and cd5 = ζ2/4.
After introducing the model, we analyze the production of H and its decays at 8 TeV
LHC. Since H mainly couples to VLTQs, its production is through one-loop ggF processes.
Due to the mixture of h and H , ggH effective coupling could be also induced by the color-
triplet states. Thus, the loop induced effective coupling for ggH from VLTQs and Ψα is
written by
LggH = αs
8πv
(∑
i=1,2
NFiyiv
2mFi
A1/2(τi) cos θ − NΨλ5v
2
m2Ψ
C(3)A0(ξ) sin θ
)
HGaµνGaµν , (24)
where we have set µ4 in Eq. (2) to be small, NFi = 3 is the number of VLTQ in F1(2), NΨ = 3
is the number of colored scalars, C(3) = 1/2 is from the color factor of color triplet Ψα and
the loop functions are
A1/2(τ) = 2τ [1 + (1− τ)f(τ)2] ,
A0(x) = x(1 − xf(x)2) (25)
with τi = 4m
2
Fi
/m2H , ξ = 4m
2
Ψ/m
2
H and f(x) = sin
−1(1/
√
x). The same effects could also
generate effective coupling ggh and its expression is given by
Lggh = αs
8πv
(∑
i=1,2
NFiyiv
2mFi
A1/2(τih) sin θ − NΨλ5v
2
m2Ψ
C(3)A0(ξh) cos θ
)
hGaµνGaµν (26)
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with τih = 4m
2
Fi
/m2h and ξh = 4m
2
Ψ/m
2
h. If we adopt∑
i=1,2
NFiyiv
2mFi
A1/2(τih) sin θ ∼ NΨλ5v
2
m2Ψ
C(3)A0(ξh) cos θ , (27)
the new effects on ggh could be suppressed; on the other hand, the contribution of color-
triplet scalar to ggH is proportional to sin2 θ/ cos θ and it could be neglected in the scheme of
small mixing angle. Using the condition of Eq. (27), the ratio to the SM result in Γ(h→ γγ)
could be derived by [45]
Rh→γγ =
∣∣∣∣1 + Ncyv sin θA1/2(τh)mF
∑
Fi
Q2Fi − 2
∑
Ψi
Q2Ψi
A1(xW ) + 4/3A1/2(xt)
∣∣∣∣
2
. (28)
WithQ(Ψα) = (4/3, 1/3,−2/3) and the charges of VLTQs, we find
∑
Fi
Q2Fi−2
∑
Ψi
Q2Ψ2 = 1.
If we take y = 3, sin θ = 0.08 and mF = 1 TeV, we get µh→γγ ≈ 0.93. That is, the ratio
of cross section to the SM prediction for pp → h → γγ in our model is σ(pp → h)/σ(pp →
h)SMBR(h → γγ)/BRSM(h → γγ) ≈ 0.93, where the measurements by ATLAS and CMS
are 1.17 ± 0.27 [46] and 1.13 ± 0.24 [47], respectively. Hence, in our model, the product of
h production cross section and BR(h→ γγ) could be consistent with the LHC data, while
the H production is still enhanced by VLTQs.
For numerically estimating the H production cross section, we implement the effective
interaction of Eq. (24) to CalcHEP [48] and use CTEQ6L PDF [49]. With mF = mF1 = mF2 =
1 TeV, y = y1 = y2 and
√
s = 8 TeV, the cross section for pp → H as a function of y is
presented in the left panel of Fig. 1. For including the next-leading-order (NLO) effects, we
have used the K-factor of Kgg→H = 2.0 [50]. The factorization and renormalization scales
are chosen to be µ = mH/2. As a result, the production cross section of O(20) fb can
be achieved while mF = 1 TeV and y ∼ 3. For comparison, we also show σ(pp → H) at
√
s = 13 TeV for LHC run 2. It is clear that the production cross section will be one order
of magnitude larger than that from run 1.
Next, we discuss the decays of H . Based on Eq. (11), H couplings to SM quarks are
suppressed by ζ2i and can be ignored in the leading approximation. Therefore, the fermionic
decay channels are one SM quark and one VLTQ. Using the Yukawa interactions in Eq. (14),
the partial decay rates for H → (tuJ , bdJ) are given as
Γ(H → tLu¯JR) = mH cos2 θY2J
(
(V uL )3J
4
√
π
)2
(1− rt − rJ) λ 12 (rt, rJ) ,
Γ(H → bLd¯JR) = mH cos2 θY2J
(
(V dL )3J
4
√
π
)2
(1− rb − rJ) λ 12 (rb, rJ) (29)
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FIG. 1: Left: cross section (in units of fb)for pp→ H process as a function of y at √s = 8 TeV,
where we have used mF = mF1 = mF2 = 1 TeV and set y = y1 = y2. Right: σ(pp → H) (in units
of pb) at 13 TeV.
with rf = m
2
f/m
2
H and λ(a, b) = 1 + a
2 + b2 − 2a − 2b − 2ab. By Eq. (6), we see that the
singlet Φ can couple to W+W−/ZZ through the mixing with SM Higgs. The decay rates
for H → (W+W−, ZZ) are found by
Γ(H → W+W−) = m
3
HGF
8
√
2π
sin2 θ
(
1− 4rW + 12r2W
)√
1− 4rW ,
Γ(H → ZZ) = m
3
HGF
16
√
2π
sin2 θ
(
1− 4rZ + 12r2Z
)√
1− 4rZ . (30)
The singlet Φ also couples to hh through cubic term in Eq. (2). The decay rate for H → hh
is then obtained as
Γ(H → hh) = GFmH(m
2
H −m2h)
256
√
2π
sin2 2θ
√
1− 4rh, (31)
where for simplicity we have used the relation of sin θ given below Eq. (7) by assuming
λ3 = 0. Additionally, by the effective coupling ggH given in Eq. (24), H can also decay into
gluon-pair and the corresponding partial decay width is found as
Γ(H → gg) = m3H
α2s
32π3
cos2 θ
∣∣∣∣∣
∑
i=1,2
NFiyi
m2Fi
F (τi)
∣∣∣∣∣
2
. (32)
Since the process H → γγ depends on αg = g2/4π and is much smaller than H → gg, here
we neglect its contribution to the width of H . By summing up the partial decay widths
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shown in Eqs. (29), (30), (31) and (32), we plot the total width ΓH as a function of ζ and
sin θ in the left panel of Fig. 2, where we have set ζ = ζ1 = ζ2 and used (mH , mF ) = (2, 1)
TeV and y = 3, and the NLO K-factor for H → gg is KH→gg = 1.35 [50]. We find that
ΓH < 100 GeV occurs while sin θ ≤ 0.11. The branching ratio (BR) for H →W+W− +ZZ
is also shown in the right panel of Fig. 2. We see that BR(H → V V ) with V = W, Z is
sensitive to sin θ. Although H → V V becomes dominant when sin θ > 0.11, however in this
region we get ΓH ≥ 100 GeV.
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FIG. 2: Contours for ΓH ( in units of GeV) [left] and for branching ratio of H → W+W− + ZZ
[right] as a function of sin θ and ζ, where we have set ζ = ζ1 = ζ2 and taken (mH ,mF ) = (2, 1)
TeV and y = 3, and the K-factor is KH→gg = 1.35.
Combing the results in Fig. 1 with those in Fig. 2, we present the contours for σHV V =
σ(pp → H) × BR(H → V V ) as a function of ζ and sin θ in the left panel of Fig. 3 with
(mH , mF ) = (2, 1) TeV and y = 3. For sin θ < 0.11, which leads to ΓH < 100 GeV, we see
that σHV V could still be of O(10) fb. Since the production cross section is very sensitive to
mH , for understanding the correlation between σHV V and (ΓH , mH), we plot the contours
for σHV V as a function of mH and ΓH in the right panel of Fig. 3. We find that by reducing
mH of 15%, the value of σHV V will be increased by 50%.
In the following we briefly discuss the implications of VLTQ model at the 13 TeV LHC.
With the values of parameters that explain the diboson resonance, we find that the pro-
duction cross section of a single VLTQ is below 1 fb, therefore we study the production of
11
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FIG. 3: Left: contours for σ(pp→ H)×BR(H → V V ) (in units of fb) as a function of sin θ and
ζ with (mH ,mF ) = (2, 1) TeV and y = 3. Right: contours for σ(pp → H) × BR(H → V V ) as a
function of mH and ΓH with sin θ = 0.08 and ζ = 0.05.
VLTQ-pair and the possible decay channels. Due to QCD processes, the VLTQ-pair pro-
duction cross section is independent of the heavy quark flavor. We present σ(pp→ FF¯ ) as
a function of mF in Fig. 4, where F stands for the possible VLTQ, i.e. u4,5 and d4,5, and
the center of mass energy is
√
s = 13 TeV. For mF = 1 TeV, we get 20 fb for σ(pp→ FF¯ ).
13 TeV
1000 1100 1200 1300 1400 1500
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FIG. 4: Cross section for pp→ FF¯ (in units of fb) as a function of mF at
√
s = 13 TeV.
For studying the decays of VLTQs, we focus on the leading effects. By the Yukawa
interactions in Eq. (14), we see that VLTQs could decay into third generation SM quarks
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and SM Higgs. The partial decay widths for uJ(dJ)→ th(bh) are formulated by
Γ(uRJ → tLh) = cos2 θGFm
3
F√
2
(
(V uL )3J
4
√
π
)2
λ
1
2 (st, sh)λ˜
1
2 (st, sh) ,
Γ(dRJ → bLh) = cos2 θGFm
3
F√
2
(
(V dL )3J
4
√
π
)2
λ
1
2 (sb, sh)λ˜
1
2 (sb, sh) (33)
with sf = m
2
f/m
2
F and λ˜(a, b) = 1 + a
2 + b2 + 2a− 2b− 2ab. Besides the h-emission FCNC
processes, according to Eqs. (20) and (23), VLTQs also can decay into SM quarks associated
with Z- and W -emission. Consequently, the partial decay widths are given by
Γ(uLJ → tLZ) = (gc
u
J)
2
16πc2W
mFλ
1
2 (rt, rZ)
[
λ˜
1
2 (rt, rZ) + λ˜
1
2 (rZ , rt)
m2D −m2Z −m2t
m2Z
]
,
Γ(dLJ → bLZ) = (gc
b
J)
2
16πc2W
mFλ
1
2 (rb, rZ)
[
λ˜
1
2 (rb, rZ) + λ˜
1
2 (rZ , rb)
m2D −m2Z −m2b
m2Z
]
,
Γ(uLJ → bLW ) = (gκ
u
J)
2
32π
mFλ
1
2 (rb, rW )
[
λ˜
1
2 (rb, rW ) + λ˜
1
2 (rW , rb)
m2D −m2W −m2b
m2W
]
,
Γ(dLJ → tLW ) = (gκ
d
J)
2
32π
mFλ
1
2 (rt, rW )
[
λ˜
1
2 (rt, rW ) + λ˜
1
2 (rW , rt)
m2D −m2W −m2t
m2W
]
, (34)
where κu4 = −ζ1/2, κu5 =
√
2ζ2, κ
d
4 = 0 and κ
d
5 = −3ζ2/2. We see that if we take ζ1 = ζ2
and fix the value of mF , the BR for VLQ decay is also fixed and independent of the free
parameters ζ1,2. We show the product of VLTQ-pair production cross section and BR of
each VLTQ decay, denoted by σ(pp → FF¯ ) · BR(F → f1) · BR(F¯ → f2), in Table I,
where mF = 1 TeV is used and f1(2) stands for the possible decay channel of F (F¯ ). By the
table, we find that the processes with cross section being larger than 5 fb are u4,5 → bW+,
d4 → bZ, d4(d¯4)→ bh[Z](b¯Z[h]) and d5 → tW−. It will be interesting to further investigate
the significance of finding the VLTQ at the 13 TeV LHC. Since the detailed event simulation
is beyond the scope of this paper, we leave the analysis for future work.
In summary, a diboson resonance with mass of 1.8 − 2 TeV is indicated by the
observations of ATLAS and CMS. We study the possibility of Higgs singlet to explain the
diboson excess. In order to enhance the heavy Higgs production cross section and to reduce
the width to be O(100) GeV, we extend the standard model to include two vector-like
triplet quarks and a Higgs singlet. For escaping the constraints from the current SM Higgs
measurements, we also include a color- and SU(2)L-triplet scalar (3, 3)1/3. As a result,
pp → h could be the same as that in the SM and BR(h → γγ) ≈ 0.93BRSM(h → γγ).
The result is consistent with current LHC data. With six new heavy vector-like quarks and
13
TABLE I: Product of VLTQ-pair production cross section and branching ratio of VLTQ decay (in
units of fb) denoted by σ(pp → FF¯ ) ·BR(F → f1) · BR(F¯ → f2), where F (F¯ ) is the VLTQ with
electric charge of 2/3(−2/3) or −1/3(1/3), f1(f2) is the decay channel listed in Eqs. (33) and (34)
and mF = 1000 GeV is used.
FF¯ tt¯hh tt¯ZZ bb¯W+W− tt¯hZ tb¯W−h(t¯bW+h) tb¯W−Z(t¯bW+Z)
u4u¯4 0.411 1.44 6.94 1.53 1.68 3.16
u5u¯5 0.053 0.188 14.5 0.200 0.877 1.65
FF¯ bb¯hh bb¯ZZ tt¯W+W− bb¯hZ bt¯W−h(b¯tW+h) bt¯W−Z(b¯tW+Z)
d4d¯4 2.13 9.01 0 8.79 0 0
d5d¯5 0.015 0.063 16.8 0.061 0.497 1.03
masses of 1 TeV, we find that the 2 TeV Higgs production cross section could reach O(20)
fb if the Yukawa couplings are around 3, and its total width could be below O(100) GeV
if the mixing angle between singlet and standard model Higgs is sin θ ≤ 0.11. The heavy
Higgs production cross section is very sensitive to its mass, in order to understanding the
mass dependence, the dependence is shown in the right panel of Fig. 3. For discussing the
implications of VLTQs at the LHC, we calculate σ(pp → FF¯ ) at 13 TeV and find that
with mF = 1 TeV, the production cross section is 20 fb. Additionally, we also study the
multiplication of σ(pp → FF¯ ) and the BRs of F and F¯ decays. We find that the cross
section in the decay channel, such as u4,5 → bW+, d4 → bh(Z) and d5 → tW−, could be
over 5 fb. The detailed event simulation will be investigated in the future work.
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